Over the past years, family 18 chitinases have been validated as potential targets for the design of drugs against human pathogens that contain or interact with chitin during their normal life cycles. Thus far, only one potent chitinase inhibitor has been described in detail, the pseudotrisaccharide allosamidin. Recently, however, two potent natural-product cyclopentapeptide chitinase inhibitors, argifin and argadin, were reported. Here, we describe highresolution crystal structures that reveal the details of the interactions of these cyclopeptides with a family 18 chitinase. The structures are examples of complexes of a carbohydrateprocessing enzyme with high-affinity peptide-based inhibitors and show in detail how the peptide backbone and side chains mimic the interactions of the enzyme with chitooligosaccharides. Together with enzymological characterization, the structures explain why argadin shows an order of magnitude stronger inhibition than allosamidin, whereas argifin shows weaker inhibition. The peptides bind to the chitinase in remarkably different ways, which may explain the differences in inhibition constants. The two complexes provide a basis for structure-based design of potent chitinase inhibitors, accessible by standard peptide chemistry.
Over the past years, family 18 chitinases have been validated as potential targets for the design of drugs against human pathogens that contain or interact with chitin during their normal life cycles. Thus far, only one potent chitinase inhibitor has been described in detail, the pseudotrisaccharide allosamidin. Recently, however, two potent natural-product cyclopentapeptide chitinase inhibitors, argifin and argadin, were reported. Here, we describe highresolution crystal structures that reveal the details of the interactions of these cyclopeptides with a family 18 chitinase. The structures are examples of complexes of a carbohydrateprocessing enzyme with high-affinity peptide-based inhibitors and show in detail how the peptide backbone and side chains mimic the interactions of the enzyme with chitooligosaccharides. Together with enzymological characterization, the structures explain why argadin shows an order of magnitude stronger inhibition than allosamidin, whereas argifin shows weaker inhibition. The peptides bind to the chitinase in remarkably different ways, which may explain the differences in inhibition constants. The two complexes provide a basis for structure-based design of potent chitinase inhibitors, accessible by standard peptide chemistry. C hitinases, which hydrolyze linear polymers of ␤-(1,4)-linked N-acetylglucosamine (GlcNAc), have been proposed as attractive targets for the development of drugs against a range of human pathogens. Chitinase inhibitors have shown activity against fungi including Candida albicans (1), insects (2) (3) (4) (5) and the human malaria parasite Plasmodium falciparum (6, 7) . Furthermore, a knockout experiment confirmed that P. falciparum chitinase is essential for insect invasion (8) . Mammalian chitinases also have been identified (9, 10) , yet their function is not defined clearly, and they seem not to be essential (11) . Thus, the chitinases from human pathogens could be targeted through specific inhibitors without negative side effects on their mammalian hosts.
Although chitinases seem to be an interesting target for the design of pesticides, fungicides, and antimalarials, only a few chitinase inhibitors have been described. The most potent one, the pseudotrisaccharide allosamidin, is a natural product isolated from Streptomyces (3, 12) , with K i values that range from strong (0.48 nM) to relatively weak (3.1 M) inhibition (13, 14) . Allosamidin derivatives were able to kill Lucilia cuprina blowfly larvae in in vitro test systems after contact or feeding (15) . Structural analyses of complexes with family 18 chitinases have shown that allosamidin mimics an oxazolinium ion reaction intermediate bound to subsites Ϫ3 through Ϫ1 (16, 17) . During normal catalysis, this oxazolinium ion intermediate is formed by nucleophilic attack of the N-acetyl group of the Ϫ1 sugar on the anomeric carbon, which occurs concomitantly with protonation and breakage of the scissile glycosidic bond by the catalytic acid (refs. 17-21; note that this ''substrate-assisted'' retaining mechanism differs from the ''classical'' retaining mechanism in glycosyl hydrolases (22) (23) (24) in which a carboxylate side chain, usually a glutamic acid, is the nucleophile).
Unfortunately, total synthesis of allosamidin and its derivatives is difficult and expensive (25, 26) , making it a less suitable candidate for further optimization as a chemotherapeutical. Other natural products that inhibit family 18 chitinases have been reported such as the styloguanidines isolated from a marine sponge (27) , cyclo(Arg-Pro) from marine bacteria (1, 28) , and the psammaplins isolated from a marine sponge (29) . Unfortunately, all these inhibitors exhibit only weak (Ͼ1 M) inhibition. Ab initio organic synthesis of novel chitinase inhibitors based on oligo-GlcNAcs has been attempted also, yet thus far no potent inhibitors have been identified (ref. 30 and G. Thiele, A. Rottman, A. Germera, E. Kleinpeter, K.-D. Spindler, B.S., V.G.H.E., and M.G.P., unpublished data).
Recently, two previously uncharacterized natural product cyclopentapeptide chitinase inhibitors have been reported, argifin and argadin ( Fig. 1) , that were isolated from Gliocladium and Clonostachys fungal cultures, respectively (4, 5) . When tested against a family 18 chitinase from the blowfly L. cuprina, IC 50 values were found to be in the 100 nM range for argifin (4) and in the 1 nM range for argadin (5) . These inhibitors thus seem to be as potent as allosamidin yet are more accessible synthetically through standard peptide chemistry. Hence, argifin and argadin could be good candidates for structure-based optimization, possibly leading to subnanomolar inhibition of family 18 chitinases from human pathogens. Here, we describe the structures of argifin and argadin in complex with a family 18 chitinase from Serratia marcescens [chitinase B (ChiB); ref. 31] at 2.0-Å resolution. These structures give an unprecedented view of how high-affinity peptides inactivate carbohydrate-processing enzymes and provide a basis for further structure-based inhibitor design.
Methods
Purification and Crystallization. ChiB from S. marcescens was overexpressed and purified from Escherichia coli as described (32) . The protein was crystallized from solutions containing ammonium sulfate and glycerol by vapor diffusion as described in detail elsewhere (17, 31) . Crystals then were soaked for 12-24 h in mother liquor containing an Ϸ125-fold molar excess of argifin or argadin. Crystals then were frozen in a cryostream, and single-crystal diffraction data were collected at beamline ID14-EH4, European Synchrotron Radiation Facility ( Table 1 ). The data were processed with DENZO and reduced with SCALEPACK, both from the HKL suite of programs (33) .
Structure Determination. Refinement was initiated by rigid body fitting using the previously published native ChiB structure (31) followed by iterative model building in O (34) and refinement in CNS (35) . Models for argifin and argadin were not included until their conformations were well defined by the unbiased |F o Ϫ F c |, calc electron density maps (Fig. 2 ). Argifin and argadin starting structures and molecular topologies then were generated by using the PRODRG server (36) , built into the density (Fig.  2) , and the resulting complexes were refined further against the x-ray data. This refinement resulted in the final models described in Table 1 (see Figs. 2 and 3). For both structures, some small differences were found between the two independent monomers in the asymmetric unit as discussed previously (17, 31) , although the inhibitors bound both monomers in identical fashion. In the interest of simplicity, differences between the argifin and argadin complexes are discussed by using the same monomer consistently. Images were generated by using PYMOL (www.pymol.org) and LIGPLOT (37) .
Enzymology. Enzyme kinetics were determined by using 4-methylumbelliferyl ␤-D-N,N-diacetylchitobioside as a substrate in 50 mM citrate-phosphate buffer, pH 6.3. This substrate permits accurate determination of kinetic parameters despite the fact that relatively low substrate concentrations have to be used (ϽK m ; ref. 29) . Standard reaction mixtures contained 2.75 nM wild-type ChiB or 21.6 nM Trp-220 mutant, 0.1 mg͞ml BSA, and 0-40 or 0-120 M of the substrate for the wild type and W220A mutant, respectively. In initial inhibition tests, IC 50 values at 20 M substrate concentration were determined (K m values for the uninhibited enzymes were 33 and 97 M for wild type and W220A, respectively). Reaction mixtures (50 l) were incubated for 10 min at 37°C, after which the reaction was stopped with 1.95 ml 0.2 M Na 2 CO 3 . The amount of 4-methylumbelliferyl released was determined by using a DyNA 200 fluorimeter (Hoefer).
For the determination of kinetic parameters, reaction mixtures were incubated at 37°C, and samples were taken at 0, 2.5, 5.0, and 7.5 min. The production of 4-methylumbelliferyl was linear in all cases, thus permitting straightforward calculation of enzyme velocities. Inhibitors were added at concentrations close to the determined IC 50 values. The mode of action for each inhibitor was determined by plotting the data in LineweaverBurk plots. K i values were approximated by using the reciprocal Michaelis-Menten equation for competitive inhibition. The K i values presented are average values derived from the results of four independent experiments. Because of limited availability of argifin, the (high) K i value for inhibition of W220A by this compound could not be determined accurately. The value presented is an estimate based on a limited number of experiments.
Results and Discussion
Crystals of wild-type ChiB were soaked in solutions containing the cyclopentapeptides argifin and argadin ( Fig. 1 ) and subsequently used to collect diffraction data to 2.0-Å resolution ( Table 1 ). The structures were solved by molecular replacement and refined to R ϭ 0.192 and R free ϭ 0.231 for the ChiB-argifin complex and R ϭ 0.204 and R free ϭ 0.231 for the ChiB-argadin complex. Well defined density, completely covering the inhibitors, could be seen in the unbiased |F o Ϫ F c |, calc maps before any inhibitor model was included (Fig. 2) and allowed the building and refinement of the complete argifin and argadin structures. The quality of the maps also enabled us to determine the stereochemistry on the histidine C ␣ carbon and the ASA C ␣ ,C ␥ carbons in argadin, which could not be defined previously [see Fig. 1 ; we renamed the argadin residue originally identified as homoserine to ASA, because this terminology is more correct chemically (5)]. The stereochemistry of argadin amino acids thus (4, 5). The stereochemistry on the histidine C ␣ carbon and the aspartic ␤-semialdehyde (ASA) C ␣,C␥ carbons could not be determined previously but is defined by the diffraction data presented here. Values between brackets are for the highest resolution shell. Crystals were of space group P2 12121 and were cryocooled to 100 K. All measured data were included in structure refinement. rmsd, rms deviation.
was elucidated as L-arginine, D-proline, L-ASA, L-histidine, and L-aminoadipic acid, and the configuration of ASA-C ␥ was R. Both inhibitors have a well defined cyclic backbone, although argifin has a more open and oval-shaped structure than argadin because of its larger number of backbone atoms (argifin has two ␤-amino acids, Fig. 1 ). Argifin contains only one intramolecular hydrogen bond (Asp-N to Ala-O), whereas argadin contains four intramolecular hydrogen bonds (ASA-N to adipic acid-O, adipic acid-N to ASA-O ␦ , and arginine-N ͞ to adipic acid-O 1͞2 ) (Fig. 2) . Taken together, argadin seems to be more compact and more conformationally restricted than argifin.
The ChiB-argifin and ChiB-argadin complexes are compared with the previously published ChiB-GlcNAc 5 complex (17) in Figs. 2 and 3 . The ChiB-GlcNAc 5 complex [obtained by soaking GlcNAc 5 in crystals of the inactive ChiB-E144Q mutant (17) ] shows which residues interact with the substrate and how these residues, through a combination of hydrogen bonds and van der Waals interactions, distort the sugar at the Ϫ1 position to the boat conformation. Residues Tyr-214 and Asp-142 make an important contribution to the distortion, because they form tight interactions with the N-acetyl group of the Ϫ1 sugar. The O 7 atom in the N-acetyl group (hydrogen-bonded by Tyr-214; Figs. 2 and 3) is brought close to the anomeric C 1 carbon and is optimally aligned for nucleophilic attack (17, 38) . In the wildtype enzyme these interactions would lead to the formation of an oxazolinium ion intermediate, in which the C 1 and O 7 atoms are covalently linked, forming a five-membered ring (17) (18) (19) (20) (21) . In the other sugar subsites, hydrogen bonding plays only a minor role, because most of the interactions are through stacking with solvent-exposed aromatic residues, most notably Trp-97͞Trp-220, which forms a triple sandwich with the ϩ1͞ϩ2 sugars (Figs.  2 and 3) .
Several of the ChiB-GlcNAc 5 interactions are mimicked in the ChiB-argifin complex. Asp-142, the catalytic residue Glu-144, and Tyr-214, which all interact with the distorted Ϫ1 sugar in the ChiB-GlcNAc 5 complex, form hydrogen bonds with the Nmethyl-carbamoylated arginine side chain in argifin (Figs. 2 and  3) . Whereas in the unliganded ChiB structure the Asp-142 side chain points toward Asp-140 (and shares a proton with it; refs. 17, 31, and 39), Asp-142 in both the ChiB-GlcNAc 5 and ChiBargifin complexes points toward Glu-144 and the inhibitor (Figs.  2 and 3 ). Asp-142 is observed in this conformation in all previously published family 18 chitinase inhibitor-substrate complexes (17, 18, 29, 38) and is thought to play a role in distortion of the N-acetyl group and stabilization of the oxazolinium ion intermediate. In the ChiB-argifin complex structure, Asp-142 makes a hydrogen bond with the carbamoyl group (Figs.  2 and 3) . Glu-144, the catalytic acid that interacts with the scissile oxygen in the ChiB-GlcNAc 5 complex (17), makes hydrogen bonds to the guanidinium group of the arginine side chain in argifin (Figs. 2 and 3) . The Tyr-214-N-acetyl interaction in ChiB-GlcNAc 5 is mimicked by a hydrogen bond with the carbonyl oxygen of the carbamoyl moiety in argifin. Apart from these tight interactions in the bottom of the active site, there is only one additional hydrogen bond between argifin and the protein (aspartic acid carboxyl to Trp-97 indole nitrogen). The backbone and most of the side chains in argifin occupy a position approximately equivalent to that of the sugars bound to the Ϫ2 and Ϫ1 subsites in the ChiB-GlcNAc 5 complex (Figs. 2 and 3) . The argifin phenyl ring occupies a position equivalent to that of the pyranose ring of the sugar bound in the ϩ1 subsite in the ChiB-GlcNAc 5 complex, permitting the formation of the triple sandwich with Trp-97͞Trp-220 (Figs. 2 and 3) . Thus, the cyclopentapeptide argifin approximately occupies space corresponding to GlcNAc 3 bound in subsites Ϫ2 through ϩ1 while interacting closely with essential catalytic residues.
Although argifin and argadin share a similar structure (both are cyclopentapeptides containing an arginine derivative; Fig. 1), the structure of the ChiB-argadin complex revealed that both the orientation and location of the two peptide backbones is fundamentally different (Figs. 2 and 3) . The more compact and restricted argadin backbone occupies a position corresponding to the sugars bound in the Ϫ1 and ϩ1 subsites in the ChiBGlcNAc 5 complex. The arginine and adipic acid side chain, which together form a large, flat moiety through two hydrogen bonds (Fig. 2) , occupy the ϩ2 position and form a triple sandwich with Trp-97͞Trp-220 (Figs. 2 and 3 ). There are tight interactions in the bottom of the active site, with Asp-142 and Tyr-214 hydrogen-bonding the two nitrogens in the histidine side chain. The backbone oxygen of the histidine occupies almost the same (17) is shown, for comparison purposes, together with the ChiB-argifin and ChiB-argadin complexes described here. In the schematic drawings, only protein-ligand hydrogen bonds are shown (see key). For the complex with GlcNAc 5, only the central three sugars are shown. In the surface representations, the protein surface is colored gray with the exception of Trp-97 and Trp-220 (blue) and the catalytic acid Glu-144 (red). The ligands are shown in a sticks representation with carbons colored green. The sugar subsites are labeled in the GlcNAc 5 complex.
position as the scissile oxygen in the ChiB-GlcNAc 5 complex and hydrogen-bonds to the catalytic acid, Glu-144 (Figs. 2 and 3) . Argadin further mimics the ChiB-GlcNAc 5 interactions through hydrogen bonds of Asp-215 to the ASA side chain (O ␦ ) and Arg-294 to the backbone oxygen of the argadin arginine.
Further differences between argifin and argadin are observed when the number of water-mediated hydrogen bonds is investigated. In the argifin complex (Fig. 2) , six water molecules are observed that hydrogen-bond to the inhibitor and protein side chains. In the argadin complex, only one such water molecule is observed (Fig. 2) , which suggests that argifin displaces less water molecules after binding to the ChiB active site than argadin. A similar trend is observed when analyzing the total amount of surface area buried by the ligands (Fig. 3) . Binding of , and argadin covers 148 Å 2 . Overall, argadin is buried deeper into the active site than argifin and makes tighter interactions.
Preliminary analyses of argadin and argifin effects on endochitinase activity from L. cuprina blowfly revealed inhibition in the nanomolar range, with argadin inhibiting at an IC 50 of 150 nM (4, 5) . We have determined the inhibition constants of argifin and argadin against ChiB, revealing that while allosamidin inhibits ChiB with a K i of 450 nM, argifin shows weaker inhibition (K i ϭ 33 M) and argadin shows Ϸ20-fold stronger inhibition (K i ϭ 20 nM) than allosamidin (Fig. 4) . Thus, argadin, a synthetically more accessible, peptide-based inhibitor, seems to show stronger inhibition of ChiB than the complex pseudotrisaccharide inhibitor allosamidin. As noted previously, argadin appears to be conformationally more restricted than argifin (Fig. 2) , binds deeper in the active site (Fig.  3) , and replaces ordered water molecules that were observed in the unliganded ChiB structure (17, 31) . Argadin also has more interactions with key residues in the active site (Figs. 2 and 3) . It thus is possible that the entropic penalty paid for inhibitor binding is lower for argadin than for argifin, and the enthalpic gain is higher, explaining why inhibition with argadin is 3 orders of magnitude stronger than with argifin. Calorimetric analyses of these effects will be reported in the future after total synthesis of argifin and argadin.
Despite their different modes of interaction with the ChiB active site, binding of both argifin and argadin seems to involve interactions with Trp-97 and Trp-220 in the ϩ1͞ϩ2 subsites of the enzyme. To estimate the importance of these interactions, we studied the effects on affinity in the ChiB W220A mutant (Fig.  4) . The K i values for inhibition of the W220A mutant were 5 M and Ϸ400 M for argadin and argifin, respectively, representing 250-and 12-fold increases compared with the wild-type enzyme (Fig. 4) . In contrast the K i for allosamidin, which binds to the Ϫ3 through Ϫ1 subsites and therefore does not interact with the Trp-97͞Trp-220 pair, was not affected (530 nM for the W220A mutant and 450 nM for the wild type). These results demonstrate the difference between the well characterized inhibitor allosamidin and the peptide inhibitors argifin and argadin.
It should be noted that the subsites of family 18 chitinases are likely to differ in terms of binding affinity, e.g., depending on whether the enzymes degrade their polymeric substrate from the reducing or nonreducing (e.g., ChiB) end. Argadin and argifin seem optimized for enzymes with high-affinity subsites on the reducing (''ϩ'') side of the catalytic center. Allosamidin, on the other hand, does not interact with this area of the active site as demonstrated by the W220A mutant. Development of peptide inhibitors for enzymes with particularly strong substrate binding on the nonreducing (''Ϫ'') side of the catalytic center may require the introduction of side chains that are able to extend into the Ϫ2 subsite and beyond.
Concluding Remarks. The structures presented here give detailed insight into how cyclic peptides can mimic the substrate for a carbohydrate-processing enzyme and inhibit it. Both argifin and argadin interact with side chains (Asp-142, Glu-144, and Tyr-214) in the chitinase active site that are conserved completely and required for catalytic activity in family 18 chitinases (17, 31, 38) . Compared with argifin, the tighter interactions of argadin with the chitinase and its more restricted structure (Figs. 2 and 3 ) could lead to stronger concerted entropic and enthalpic gains and may explain the 1,500-fold stronger inhibition. The mutational data has shown that the interactions of argadin with Trp-220 in the ϩ2 subsite make an important contribution to the binding. The drastic effect of the W220A mutation on K i values shows that the effectiveness of present inhibitors depends on subsite architecture, which varies significantly from enzyme to enzyme (e.g., Trp-220 is not well conserved in family 18 chitinases). Whereas this variance may cause problems when aiming at the design of ''general'' chitinase inhibitors, it shows the potential of tailoring inhibitors such that they inhibit only a limited number of specific family 18 chitinases, which is especially important in light of the discovery of human family 18 chitinases (9, 10, 40), which have been implicated in defense against fungal pathogens. The structures of ChiB-argifin and ChiB-argadin complexes provide opportunities for structure-based design and synthesis of derivatives, which may lead to more potent chitinase inhibitors with possible chemotherapeutical potential.
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